Abstract. Liver cancer is one of the most drug-resistant cancer types, and cancer stem cells are related to drug resistance. c-Jun-N-terminal kinase (JNK) signaling is involved in drug resistance, and the side population of cells (SP cells) can be used as a model to study liver cancer stem cells. We sought to evaluate the relationship between SP cells and JNK signaling in hepatocarcinoma cells. For this purpose, we examined cell proliferation and the SP cell ratio following treatment of Huh7 cells with the anticancer drugs 5-fluorouracil (5-FU) and paclitaxel. The expression of phospho-stress-activated protein kinase (SAPK)/JNK in the treated cells was evaluated using immunoblotting. 5-FU and paclitaxel treatment increased the number of SP cells and JNK phosphorylation, and decreased cell survival. Huh7 and HepG2 cells were also treated with SP600125, a JNK inhibitor, to study the relationship between SP cells and JNK signaling. The increase in the number of SP cells and the SAPK/JNK and c-Jun phosphorylation was reverted by SP600125 treatment in these cells. We also used immunohistochemistry and showed that SAPK/JNK and c-Jun phosphorylation are increased in hepatocarcinoma tissues. In conclusion, our results demonstrate that the number of SP cells and SAPK/JNK phosphorylation are increased upon treatment with anticancer drugs, and that this increase is blocked by inhibition of JNK signaling. These findings suggest that drug resistance in liver cancer may involve an increase in the number of SP cells following JNK activation.
Introduction
Cancer is predominantly caused by mutations, germ-line or somatic, without any separation of cell type observed for a long period. It is known that certain stem cells are associated with the occurrence of cancer. These cells are called cancer stem cells because of their tumor-initiating and drug resistance properties (1) . Isolation of cancer stem cells from hepatocellular carcinoma (HCC) was previously reported (2) .
A number of methods have been used to study cancer stem cells, including cell sorting using specific surface markers (3), culture of sphere-forming cells (4) and analyses of the side population (SP) (5) , defined as cells capable of efficient Hoechst 33342 dye efflux (6) . SP cells can be used as a model to study stem cells because of their self-renewing, differentiating (7) and tumor-initiating abilities (8) . SP cells identified in liver cancer initiated tumors (9) , expressed high levels of ABCG2 transporters (10) , and expressed a marker of hepatocarcinoma stem cells, CD133. Because of these properties, these SP cells were suggested to be liver cancer stem cells (9) , and to associate with the high drug resistance of liver cancer. Treatment with anticancer drugs such as doxorubicin, 5-fluorouracil (5-FU), and gemcitabine, increases the SP cell number. In addition, SP cells are known to relate to the drug resistance of liver cancer associated with transporters (11) .
c-Jun-N-terminal kinase (JNK) signaling in SP cells was previously associated with drug resistance in liver cancer (12) . JNK signaling maintains proliferation and migration in healthy stem cells (13) , and is essential for liver regeneration processes (14) . In contrast to healthy liver cells, JNK signaling inhibits survival and growth in liver cancer cells upon activation of c-Jun (15) . To date, the relationship between SP cells, drug resistance, and JNK signaling in liver cancer is unclear.
In this study, we used the hepatocarcinoma cell lines Huh7 and HepG2 to study the relationship between increased numbers of SP cells and the signaling molecules involved in this interaction. We analyzed the fraction of SP cells during and after treatment with anticancer drugs, and examined cell survival rates and expression of relevant signaling molecules. SP cell analyses. Huh7 cells were seeded as described above. The cells were treated with distilled water (control), 10 µM 5-FU, or 10 nM paclitaxel for 72 h. SP cell analyses were performed as previously described (16) . Briefly, cells were detached and collected as cell pellets. To analyze the SP fraction, 1x10 6 cells/ml were incubated with the Hoechst 33342 dye (5 µg/ml; Sigma-Aldrich, St. Louis, MO, USA) in DMEM containing 10% FBS, with vortexing for 90 min at 37˚C. Cells were also incubated with the Hoechst dye and 50-100 µM verapamil (Sigma-Alrdich), an efflux blocker, to confirm the SP cell population. At the end of the incubation, cells were centrifuged at 320 x g at 4˚C and collected for analyses of the SP fraction. Propidium iodide (1 µg/ml; Sigma-Aldrich) was added prior to fluorescence-activated cell sorting (FACS) analysis, in order to allow identification and exclusion of dead cells. Samples were analyzed using a FACS Aria instrument (BD Biosciences, Franklin Lakes, NJ, USA).
Material and methods

Cell
Phospho-stress-activated protein kinase (p-SAPK)/JNK
immunoblotting. Huh7 cells were seeded as described above. The cells were treated for 72 h with distilled water (control), 10 µM 5-FU, or 10 nM paclitaxel. Total cell lysates were prepared in 100 µl Cell Lysis buffer (Cell Signaling Technology, Beverly, MA, USA). Protein concentrations were measured using a Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of cell lysates were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and proteins were electrotransferred onto Hybond-ECL nitrocellulose membranes (Amersham Biosciences, Buckinghamshire, UK). Blots were blocked for 1 h with blocking buffer and incubated overnight at 4˚C with mouse monoclonal anti-p-SAPK/JNK (dilution, 1:1,000, Thr183/Tyr185; Cell Signaling Technology) and anti-β-actin (dilution, 1:1,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) immunoglobulin G (IgG). Blots were washed with 0.02% Tris-buffered saline with Tween20 (Sigma-Alrdich) and incubated for 1 h at room temperature with goat anti-mouse IgG (H+L; 1:2,500; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Labeled proteins were detected using an enhanced chemiluminescence detection system (Amersham Biosciences).
p-SAPK/JNK, c-Jun and phospho-c-Jun (p-c-Jun) expression after treatment with anticancer drugs and SP600125.
Huh7 and HepG2 cells were seeded as described above. Cells were treated for 72 h with distilled water and dimethyl sulfoxide (DMSO; control; Sigma-Aldrich), 10 µM SP600125 (SigmaAldrich), 10 µM 5-FU, or 10 µM SP600125 and 10 µM 5-FU. The SP fraction, cell survival, expression of p-SAPK/JNK, c-Jun, and p-c-Jun were measured as described above. c-Jun and p-c-Jun expression were analyzed using c-Jun and p-c-Jun mouse monoclonal IgGs (both at 1:1,000; Cell Signaling Technology).
HCC tissue immunohistochemistry. The Institutional Review
Board of the Seoul National University Hospital approved the use of human tissues. The tissues were collected from six liver cancer patients who had surgery at the Seoul National University Hospital. Tissues were embedded with paraffin, cut into 3-µm sections, and deparaffinized with xylene. Antigen retrieval was performed by blocking with PBS containing 10% donkey serum for 1 h. Tissues were incubated overnight at 4˚C with the p-SAPK/JNK and p-c-Jun mouse monoclonal IgGs. Sections were incubated for 1 h at 37˚C with the biotinylated anti-mouse secondary antibody (Vector Laboratories, Burlingame, CA, USA). The Vectastain Elite ABC reagent (Vector Laboratories) was added, and the formed antibody/ enzyme conjugate was visualized with addition of 3,3'-diaminobenzidine (DAB; Vector Laboratories). All sections were counterstained with hematoxylin and eosin (Sigma-Alrdich). For these analyses, six different HCC samples were evaluated per experimental condition.
Statistical analyses. A minimum of three replicates were performed for all experiments. Data were expressed as the mean ± standard error. Comparisons between treated and control cell data were performed using Student's t-tests. P-values <0.05 was considered to indicate statistically significant differences.
Results
Cell survival, SP cell fraction, and p-SAPK/JNK expression upon 5-FU and paclitaxel treatment. To observe the effect of anticancer drugs, 5-FU or paclitaxel were administered to Huh7 cells for 72 h, and the cell survival was assessed by cell counting after trypan blue staining. Huh7 cells exhibited a dose-dependent inhibition in survival following treatment with the anticancer drugs (Fig. 1, upper panels) . The survival of Huh7 cells relative to that of untreated cells was 63% following treatment with 1 µM 5-FU 32% with 10 µM, and 22% with 100 µM (Fig. 1A, upper panel) . The survival of Huh7 cells relative to that of untreated cells was 73% after treatment with 1 nM paclitaxel, 57% with 10 nM, and 8% with 100 nM (Fig. 1B, upper panel) . Based on these results, we selected the doses of 10 µM 5-FU and 10 nM paclitaxel to observe SP cells and the expression of JNK upon anticancer drug treatment.
Cells were treated with 10 µM 5-FU or 10 nM paclitaxel for 72 h. Drug treatment increased the SP cell number relative to untreated cells (Fig. 1, middle panels) . The SP cell fraction was 1.4% in untreated cells, 2.6% in 1 µM 5-FU-treated cells, 8.8% in 10 µM 5-FU-treated cells, and 3.9% in 100 µM 5-FU-treated cells (Fig. 1A, middle panel) . The SP cell fraction was 1.5% in untreated cells, 2.4% in 1 nM paclitaxel-treated cells, 7.7% in 10 nM paclitaxel-treated cells, and 1.6% in 100 nM paclitaxel-treated cells (Fig. 1B, middle panel) . In addition, we observed JNK activation upon drug treatment. Both 5-FU and paclitaxel increased the level of p-SAPK/JNK (Fig. 1, lower  panels) . These results indicate that the increase in the SP cell fraction may be associated with JNK signaling.
The SP cell fraction decreases upon treatment with 5-FU and SP600125.
To determine whether the increased number of SP cells observed after treatment with anticancer drugs can be reduced by inhibiting JNK, the SP fraction was evaluated in Huh7 and HepG2 cells treated for 72 h with 5-FU, SP600125 alone, or with both 5-FU and SP600125. The SP fraction increased upon 5-FU treatment, and this increase was blocked by SP600125 (Fig. 2) . These results indicate that inhibiting JNK signaling can block the increase in SP cells induced by anticancer drugs in liver cancer.
The JNK inhibitor SP600125 inhibits expression of p-SAPK/JNK upon 5-FU treatment.
Treatment with anticancer drugs decreased the survival rate and increased the level of p-JNK and the number of SP cells. However, the increase in SP cells was blocked by the JNK inhibitor. To examine whether the JNK inhibitor also enhances cell survival or blocks upregulation of p-JNK, the relative survival rate and the JNK expression level were evaluated in Huh7 and HepG2 cells treated for 72 h with 5-FU, SP600125, or both 5-FU and SP600125. As shown in Fig. 3A , cell survival was decreased in all treated groups (5-FU, SP600125, or 5-FU + SP600125). SP600125 did not revert the inhibition on cell survival induced by 5-FU (Fig. 3A) . However, SP600125 attenuated the 5-FU-mediated upregulation of p-SAPK/JNK, c-Jun, and p-c-Jun (Fig. 3B) . These results indicate that the JNK inhibitor blocks the activation of JNK signaling mediated by 5-FU. and p-c-Jun expression in hepatocarcinoma tissues using immunohistochemistry. Expression of p-SAPK/JNK and p-c-Jun appeared high in hepatocarcinoma tissues (Fig. 4) . These results indicate that JNK signaling may associate with hepatocarcinoma progression.
Expression of p-SAPK/JNK and p-c-Jun in healthy and
Discussion
Numerous studies have evaluated the increase in cancer stem cell number upon treatment with anticancer drugs, focusing on the relationship between drug resistance and cancer stem cells. In this study, we examined the SP cells, a model for the study of cancer stem cells, and the involvement of JNK signaling in liver cancer. To determine the relationship between cancer stem cells and JNK signaling after treatment with anticancer drugs, we examined the survival rate, SP cell ratio, and JNK expression in hepatocarcinoma cell lines after anticancer drug treatment. We observed that SP cells constitute a small subpopulation involved in drug resistance in liver cancer, and that the tested anticancer drugs decreased the survival rate and increased the SP fraction in two hepatocarcinoma cell lines.
Similar to our results, a number of studies have suggested that anticancer drugs do not target cancer stem cells, but instead increase the cancer stem cell fraction in liver cancer. Bonnet and Dick (17) reported that cancer cells include a small number of cells within a heterogeneous population, which have the ability to initiate tumor formation. Regarding drug resistance induced by cancer cell culturing, Sharma et al (18) reported that a small population of cancer cells exhibiting drug resistance propagated and increased in size after a long period of anticancer drug withdrawal. The authors suggested that acquisition of drug resistance and the maintenance of this drug-tolerant population involved activation of IGF-1R signaling and a distinct chromatin state (18) .
To investigate the signaling pathways involved in the increased SP cell number, we evaluated the expression of JNK signaling molecules in hepatocarcinoma cell lines following treatment with anticancer drugs. JNK is also the main signaling pathway involved in maintaining the stemness of glioma cells (19) . We found that the tested anticancer drugs increase the expression level of p-JNK in hepatocarcinoma cell lines, similar to a previous study (19) . JNK expression was increased upon anticancer drug treatment and in hepatocarcinoma tissues. Based on these results, we simultaneously treated cells with a JNK inhibitor and the anticancer drugs and observed a blocking effect on the increased SP cell ratio and JNK expression. Similar to our results, another study indicated that JNK signaling is associated with the maintenance of cancer stem cells and drug resistance (13) . With respect to the relationship between JNK signaling and drug resistance in liver cancer, Yan et al (12) suggested that JNK1, JNK2, and JNK3 maintain drug resistance by upregulating the P-glycoprotein. Nagata et al (20) also suggested that JNK signaling is involved in inhibiting hepatocarcinoma progression based on experiments using a JNK inhibitor (SP600125) and an animal model. Similar to our results, Mucha et al (21) showed that the JNK inhibitor (SP600125) inhibits cell growth and JNK activity.
JNK signaling is known to be involved in cancer progression in liver cancer (22) . We found that JNK and c-Jun are highly expressed in hepatocarcinoma compared to healthy tissues. There is a number of reports on the expression of JNK in hepatocarcinoma. Wang et al (23) demonstrated that high p-p38 and low p-JNK expression is associated with poor survival in hepatocarcinoma tissues. Hagiwara et al (24) suggested that the high levels of JNK and c-Jun may be predictive biomarkers for the high risk of recurrence after surgery in non-cancerous liver tissue. These results indicate that JNK activity is involved in liver cancer progression. In conclusion, we showed that JNK activity is associated with an increase in the fraction of the side population cells upon treatment with anticancer drugs. Side population cells may be regulated by JNK signaling following anticancer drug treatment. JNK activity is involved in liver cancer progression. These results suggest that JNK signaling may be involved in the maintenance of cancer stem cells and the progression of liver cancer.
